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Abstract
The developed BOD sensor was used to analyze real wastewater samples. Simultaneously, the BOD load of these samples was also determined by the conventional method and the results compared. In the initial stages, three different industrial samples having low-moderate-high biodegradability were used. The industrial wastewater samples were collected through Central Pollution Control Board (CPCB), Delhi. The COD and BOD values of the samples are depicted in Table 1. At that stage, the formula for calculating the percentage of the industrial samples to be used with the BOD sensor was not devised. Thus, a random percentage range of each kind of sample (ranging from 0.5% - 20.0%) was used for analysis. 
The total current change against the different percentages of sample having high biodegradability is represented in Table 2. The calibration curve depicted in Fig1 was used to extrapolate the observed readings (in terms of current change) and calculate the BOD of the sample solution. Similar observations were made with other two wastewaters having moderate and low biodegradability, which are depicted in Table 3 and 4 respectively. For the samples with high biodegradability (having a high BOD load), as the percentage of the analyzed sample increased, the BOD values as observed with the thus developed BOD sensor showed a decreasing trend, whereas the current decrease was not affected much. This might be because of the reason that only a fraction of the sample would have been assimilated by the immobilized microorganisms due to the limited solubility of O 2 in aqueous systems, at a standard temperature and pressure. Therefore, an increase in the percentage of the sample did not reflected an increase in the sensor response, but the multiplication factor involved in calculations in turn decreased with increasing sample percentage leading to a observed lower BOD value. The response of the sensor with samples having moderate biodegradability is depicted in Table 3. It was observed that 2.0% of the sample showed BOD values comparable to the conventional BOD analysis. Any increase or decrease in the percentage of the sample led to a lower or higher response (BOD value). The third sample, having low BOD load exhibited a BOD sensor response with 15.0% of the sample and was comparable to that obtained with BOD 5 analysis as depicted in Table 4. A decrease in the sample percentage led to a higher BOD value, due to increase in the multiplication factor involved in calculation. 
Though the developed BOD sensor was able to sense the BOD load of a variety of effluents ranging from low-moderate-high biodegradability, yet the BOD sensor response at that stage of sensor development was very unpredictable. Moreover, the time required for observations was approximately 3-4 hours, which made it unsuitable for rapid BOD monitoring. Therefore, the BOD sensor developed at this stage needed upgradation/modification so as to render it suitable for rapid or online BOD analysis. 
Optimization of BOD values using the modified BOD sensor system After modification of the transducer part of BOD biosensor system, the response time of the sensor was significantly reduced to 5-10 min. The modified BOD sensor was used to analyze the BOD values of different concentrations of standard GGA solution. Fig. 2 shows a calibration curve of the microbial electrode BOD sensor when the diluted standard solution of GGA was employed for the experiments. The developed BOD sensor exhibited a linear response upto a GGA concentration of 60 mg/l. The linear range of the sensor is defined as the substrate range that gives a signal directly proportional to the concentration (Chan, et al. 2000). The linearity of the range was satisfactory (r = 0.938). In order to estimate the BOD of samples falling in the range of 1 - 45 mg/l, the samples were not diluted, whereas, samples having BOD greater than 45 mg/l needed dilution prior BOD analysis with the developed BOD sensor. The samples were diluted properly with the buffer, which was the same as that used in the measuring cell. The lowest detection limit of the sensor was 1.0 mg/l BOD. The current was reproducible within ? 5%of the mean in a series of ten samples having 45 mg/l BOD using standard GGA solution. 
After this characterization of the sensor, different industrial samples were analyzed for their BOD loads (Table 5-8). The wastewater samples analyzed were those emanated from Mother Dairy industry, Delhi, Tannery industry, Sonepat, Distillery industry (collected through CPCB) and Century Pulp & Paper industry, Lal Kuan. Each of these wastewaters was diluted appropriately with the buffer before estimating their BOD loads using the developed BOD sensor. 
Prior to BOD analysis using the sensor, conventional COD and BOD analysis were also carried out. Table 5 depicts the response of the sensor with wastewaters from Dairy industry. On the basis of the BOD 5 values, two different percentages of effluent were selected for estimation of BOD using the developed BOD sensor. The inlet samples of dairy industry exhibited BOD sensor values comparable to BOD 5 values. This can be attributed to the fact that this sample contains highly biodegradable fraction of organic matter, which is easily assimilated by the microorganisms. The outlet sample on the contrary exhibited erratic BOD values. This might be either because of the lack of specific microorganisms for the biooxidation of compounds encountered in this sample or the microorganisms existing might be consuming more time, for oxidizing the organic compounds present in the outlet samples, than the sensor's response time. The slower biooxidation rate of compounds present in the outlet samples might also be because of their high molecular weight, low solubility and thus limited bioavailability. Nonetheless the rate of oxidation for such substrates is slower than that of the standard substrate viz., GGA (Hyun, et al. 1993). Moreover, the outlet samples may have already been treated biologically in the Effluent treatment Plants (ETPs) of respective industries. The easily metabolizable substances are taken care of there itself, and the rest are left behind in the discharged outlet samples. 
The response of sensor when analyzed with effluents from different unit processes of distillery industry is depicted in Table 6. It was observed that with some samples, the response of the sensor was comparable, whereas, with others it was either high, low or negligible as compared to the BOD 5 values.. This might be because of the varying physico-chemical characteristics of the wastewaters from different units, such as, pH, percentage of biodegradable organic matter etc. The other reason could be that the samples were collected from different points of wastewater treatment plant, so that the constituents/ organic compounds may differ among them. Some compounds may have a high oxidation rate, whereas, the others may either be slowly biodegradable or non-biodegradable. The most sensitive sensors for industrial effluents will be based on a formulated microbial consortium comprising autochthonous microorganisms from that particular industrial effluent. 
The wastewaters collected from a few unit processes of Pulp & Paper industry were also analyzed using the developed BOD sensor. Table 7 illustrates the results of the sensor BOD analysis as compared to the BOD 5 analysis for the same set of samples. It was observed that the sensor BOD values were lower as compared to the conventional BOD values in almost all the cases. This might be because of the short contact time of the sensor microorganisms with the samples, which may not be enough to metabolize all the high molecular weight and aromatic compounds present in the sample (Lehmann, et al. 1999). Further, these high-molecular weight substrates are difficult for the immobilized bacteria to assimilate when sandwiched between artificial membranes (Riedel, et al.1998). Besides, Pulp & Paper wastewaters are also rich in cellulose derivatives, which are difficult to metabolize in a short time period by the immobilized biocatalysts (Chee, et al. 2000). Thus, incomplete biooxidation of the constituents of Pulp & Paper industry might be one reason, which contributes to low BOD sensor values. 
The response of the sensor using inlet and outlet samples from two different tanneries, situated on the outskirts of Delhi is represented in Table 8. As observed, the BOD sensor values were found to be lower in both the cases as compared to the BOD 5 values. One of the prime reasons for this discrepancy might be the high salinity of tannery effluents. Jochimsen and Jakel (1997) have also reported that tannery wastewaters are usually characterized by both high amounts of organic substances (COD, BOD, TOC) as well as high concentrations of inorganic salts like chloride, ammonia, sulfide and sulfate. In wastewater measurements with conventional BOD sensors, the salt concentration always affects the measurement. At high salt concentrations the sensor gets inactivated (Chan, et al. 1999). Further, as discussed earlier in this chapter, the high molecular weight substances remain unaccounted for, in the measurements made with a microbial BOD sensor. 
The data in Tables 5 to 8 indicate that only two concentrations of a particular wastewater sample were chosen for BOD estimation using the developed sensor. Chan, et al. (1998) have reported that when the amount of biodegradable organic substance in the sample is high, the microorganisms use more oxygen to digest the substance. However, in the measuring cell, the amount of dissolved oxygen is same for all the percentages of samples analyzed. While sensing the BOD of high percentages of sample (using the developed sensor), the dissolved oxygen is consumed rapidly and all the organic matter in the sample may not be assimilated by the immobilized biocatalysts. This leads to incorrect current changes observed with high percentages of sample. When the BOD of the same sample is extrapolated utilizing the above mentioned DI (change in current) values, it reflects inaccurate BOD results. Thus, there arises a need to calculate the exact percentage range of the industrial wastewater to be used for BOD estimation using the developed sensor (depending on the linear range of the sensor). 
In this endeavour, a range of concentrations of the Dairy effluent samples (inlet and outlet; sampled at different time intervals) were checked for their BOD load using the developed BOD sensor. In almost all the cases, it was observed that at a particular concentration, the BOD sensor values were comparable to the BOD 5 values (Table 9). The sensor response above and below that concentration showed erratic BOD values. In the case of inlet samples, in the I st set, the sensor BOD values were found to be higher than that of the conventional BOD values. This could be due to the fact that there was some fraction of organic matter in the sample, which might have got quickly metabolized during the BOD 5 test, so much so that the biodegradation was complete even before the sample was fixed for 'DO' estimation during the conventional BOD analysis. Obviously, this portion of organic load goes unnoticed in BOD 5 analysis, but is carefully taken into consideration in BOD sensor analysis. Thus, biosensors offer a more reliable and accurate measure of the BOD analysis than the conventional BOD analysis. 
Further, as stated by Praet, et al. (1995) BOD bioelectrodes are not analytical instruments i.e., providing the same results as observed with the conventional dilution method. Firstly, it is difficult to realize correct BOD estimations for effluents, which change in composition from one sample to another. Secondly, the calibration solution can hardly be efficient for all effluents and should be accordingly selected for each and every case. The choice of the calibration solution and its composition exert a definite influence on the quality of the measurements. Thirdly, the diffusional process into the biomembrane could play an important role in the response of the instruments. Liu, et al. (2000) have also reported that proper selection of calibration solution is a key issue for obtaining good agreement between results of the sensor BOD measurements and the conventional BOD analysis. At present, there is no universal standard solution that would be suitable for the calibration of real wastewater samples of different compositions. 
It may be recommended that before the use of developed BOD sensor for the estimation of BOD of real wastewater samples, some points need to be pondered over. Activation time for the cells, when immobilized in/ on a membrane is an inherent problem, which should be looked into. However, it has been proved that the sensor is stable when stored in buffered solutions. Therefore, the sensor can be pre-activated and stored in buffer solution prior to use. 
Another problem is the measuring mode. All the characterization of BOD sensors has been done in a stirred measuring cell. In real applications, however, the dip-in-method would be preferable. Before and after measurements, a calibration solution (with a standard BOD value) must be checked, so that the measuring instrument can be adjusted and any influence of the sample on the sensor can be detected. Moreover, prior to arriving at a plausible conclusion, each industrial sample from a particular site must be analyzed a number of times, and the standard deviation in the results must be taken into account before deducing a formula, for calculating the percentage of sample to be used for BOD analysis with a BOD sensor. Finally, to get the BOD values by the sensor digitally, a correction factor on the basis of deviation has to be incorporated for real time analysis. 



Water is a precious natural resource that is fundamentally important for life. Indeed, modern industrial developments would scarcely be possible without an adequate supply of water of the right degree of purity. Although water is the most abundant compound on earth, yet as we are moving into the next millennium, we will be facing a universal problem of water scarcity. Pure water is now turning into a scarce commodity and getting scarcer day by day due to various anthropogenic activities. Once contaminated to the extent that it can be considered polluted, fresh water quality is difficult and expensive to restore. 
Industrial wastes are probably the greatest single water pollution problem as they contain large fraction of organic matter, which acts as substrate for microorganisms when released into water courses. During the decomposition process the 'DO' in the receiving water may be utilized at a greater rate than it can be replenished, causing oxygen depletion, which has severe consequences for the stream biota. Prevention of all these adverse consequences can be done, by adopting efficient water pollution management strategies. Quantitative measurement of pollutants is necessary before water pollution can be effectively managed. 
Probably the most important measure of water quality is the dissolved oxygen, and perhaps even more important than the determination of 'DO' is the measurement of rate at which this oxygen is used. Biochemical Oxygen Demand (BOD) is one such test, which is most widely used to measure the biodegradable organic content and is usually expressed as the 5-day BOD at 20 0 C. The classical BOD test suffers from some major disadvantages such as non-standard seeding material and the long duration of the test. The present course of study was therefore aimed to develop a rapid and reproducible device such as BOD biosensor to monitor BOD. 
In this attempt, first of all, a standard uniform microbial consortium was formulated for reliable and reproducible determination of the BOD load of a variety of samples (synthetic as well as industrial). Individual pure cultures isolated from sewage were checked for BOD analysis using GGA as a reference standard. The results thus obtained were compared with sewage, which is used as seeding material in conventional BOD analysis. As per the APHA guidelines, for 300 mg/l mixed primary standard (GGA), the average BOD value would be 198 to 210 mg/l. Cultures which exhibited BOD values either equivalent or higher than 198 mg/l were selected for the formulation of different microbial consortia. It was noticed that among the nine formulated microbial consortia, only three combinations were found to be comparable with sewage. Finally, amongst the three selected combinations, number nine microbial consortium exhibited BOD values comparable to sewage and as such selected for further studies. Optimum concentrations of individual bacteria standardized for the formulation of microbial consortium fall in the range of 0.05% to 0.15%. The individual bacterial strains comprising this microbial consortium were identified at IMTECH (CSIR), Chandigarh. 
The microbial consortium once formulated was used to determine the BOD values of synthetic as well as industrial samples. The synthetic samples analyzed were glucose + glutamic acid, lactose + peptone, glucose + oxalic acid and citric acid. For all synthetic samples, BOD values obtained using formulated microbial consortium were found to be comparable to sewage. BOD values of various industrial wastewaters, namely, textile, distillery, dairy and vegetable oil obtained using the formulated microbial consortium were comparable to those using sewage seed. 
After the standardization of a uniform microbial consortium for the BOD analysis of a wide variety of samples, the consortium was immobilized prior to be utilized as the biocomponent of a BOD biosensor. In view of this, an attempt was made to select a suitable support for immobilizing the microbial consortium. The formulated and selected microbial consortium comprising nine individual bacterial strains was immobilized on different supports viz., Polyvinyl alcohol (PVA) + nylon cloth and commercially available supports such as nitrocellulose membranes and charged nylon membrane. The immobilized microbial membranes prepared using the above said supports were checked for their viability and stability. 
The stability of the prepared membranes was checked at regular time intervals in terms of their response with a reference standard i.e., Glucose-glutamic acid (GGA), while storage at different temperatures and at different pH. It was observed that the microbes immobilized on nylon membranes exhibited maximum stability as compared to those immobilized on the other membranes, while storage at all the four different temperatures i.e., 4 0 C, 15 0 C, 25 0 C and 37 0 C. Simultaneously, stability of all the prepared immobilized microbial membranes stored at different pH but at a constant temperature (4 0 C) was also assessed. The results of the study revealed that pH 7.0 was best suited for the storage of the membranes harboring immobilized bacteria, with an observed stability of 180 days in the case of charged nylon, followed by 60 days in the case of PVA + nylon cloth, and only 30 days for nitrocellulose based membranes. 
Out of the three types of membranes studied for their stability, two types i.e., membranes made on charged nylon and PVA + nylon cloth, were selected for further studies on the basis of the observed results for stability. For these two sets of membranes, viability studies were carried out while storage at different temperatures and pH. Charged nylon supported better viability of the microbes, being as high as upto 270 days, while storage in buffer of pH 6.8 and 7.2. In general, the microorganisms showed maximum viability at 4 0 C, followed by 15 0 C, 25 0 C and 37 0 C. 
The subsequent step in the study was to estimate the leaching rate of the microorganisms from the supports. The results of the leaching study indicate that the leaching rate of microorganisms from nylon membranes was much lower (negligible) than that of microorganisms immobilized in PVA + nylon cloth. It was evident from this study that charged nylon membranes served to be a better support for immobilizing the microorganisms to be used as biocatalysts in the construction of the BOD biosensor. Further, the response profile of the sensor incorporating immobilized microbial membrane prepared using nylon support was better than that incorporating membrane made from PVA + nylon cloth. Thus, for further set of experiments, the immobilized microbial membrane prepared on nylon supports was used as the biocomponent of the BOD biosensor. 
The overall characteristics of a BOD biosensor are generally determined by the characteristics of the microbial membranes used in combination with the electrochemical sensor. In the present course of study, sensor BOD measurements were made in the dynamic mode. The initial steady state current at time zero is a measure of the endogenous respiration level of the immobilized microorganisms. This is due to the diffusion of oxygen from the air-saturated solution through the composed membrane. After attaining the initial steady state current, when the standard GGA solution is added to the measuring cell; the substrate permeates through the novel selected membrane and is assimilated by the microbial cells. This results in an increase in the respiration rate of the microorganisms, thereby causing a decrease in the dissolved oxygen signal (in terms of current in nA) as measured by the oxygen electrode. The current of the electrode decreases markedly with time until a final steady state current is reached, within 5-7 minutes. Therefore, a response time of 10 minutes was employed for further work. The final steady state current depended on the BOD of the sample solution. 
The optimization of the prepared immobilized microbial membrane was carried out w.r.t. the phase of cell growth, cell density, storage pH and storage temperature. It was observed that a cell loading of 2.25 X 10 10 /membrane; of cells in their early log phase of growth were suitable for the construction of the BOD biosensor, when stored at a temperature of 4 o C in buffer of pH 6.8. The response time of the sensor was 5-10 minutes. The linear range of the sensor was upto a GGA concentration of 60mg/l. The results were reproducible within ?5% S.D. for solutions having a BOD of 45mg/l. The lowest detection limit was 1.0mg/l BOD. S.D. between different sensors was < ? 10%. Reusability of the immobilized microbial membrane was upto 200 cycles. The stability of the developed sensor was 180 days. 
The developed and characterized BOD biosensor system was then applied for monitoring the BOD load of real wastewater samples. The sensor BOD values were found to be comparable to BOD 5 values. The sensor was able to respond to all kinds of biodegradable organic solutes in the sample. This can be attributed to the fact that the developed sensor system has a microorganism composition with standard characteristics with respect to composition, activity and concentration. This eliminates the non-desired dependence of the disposability and variation of activated sludge. Further, the measuring principle is respirometric, measuring the oxygen needed for the oxidation of the organic material, done by standard microorganisms in a certain time period. The time of measurement varied from 5-10 minutes depending on the complexity of the sample. 
Prior to field applications, the developed BOD sensor needs to be extensively tested with real wastewater samples. Activation time for the cells, when immobilized in/ on a membrane is an inherent problem. However, it has been proved that the sensor is stable when stored in buffered solutions. Therefore, the sensor can be pre-activated and stored in buffer solution prior to use. Another problem is the measuring mode. All the characterization of BOD sensors has been done in a stirred measuring cell. In real applications, however, the dip-in-method would be preferable. Before and after measurements, a calibration solution (with a standard BOD value) must be checked, so that the measuring instrument can be adjusted and any influence of the sample on the sensor can be detected. Moreover, before arriving at a plausible conclusion, each industrial sample from a particular site must be analyzed a number of times. The standard deviation in the results must be taken into account before deducing a formula, for calculating the percentage of sample to be used for BOD analysis with a BOD sensor. 


